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Abstract: Many sites of environmental concern contain
groundwater contaminated with nonaqueous phase lig-
uids (NAPL). In such sites interfacial processes may af-
fect both the equilibrium and kinetic behavior of the sys-
tem. In particular, insoluble hydrocarbon partitioning
and microbial biodegradation of insoluble hydrocarbon
are influenced by the physicochemical and interfacial
characteristics of the system. A mechanistic model de-
scribing the influence of biological surfactants on micro-
bial biodegradation of liquid-phase insoluble hydrocar-
bon and subsequent reduction of nonaqueous-phase lig-
uid hydrocarbon is presented. The model consists of six
coupled differential equations which use lumped kinetic
parameters to describe surfactant micelle formation and
diffusion to the microbial cell, nonlinear kinetic expres-
sions for microbial growth and degradation of insoluble
hydrocarbon, kinetic spatial descriptions of the change in
NAPL-phase droplet size and the organic phase volume
fraction with time, as well as equilibrium partitioning ex-
pressions for hydrophobic organic contaminant partion-
ing into the surfactant micelle. The model is validated by
comparison to data obtained for hexadecane degrada-
tion in a well-mixed batch system by the biosurfactant
producing microorganism Pseudomonas aeruginosa
strain PG201 as well as for nonproducing mutants’
growth and hexadecane biodegradation in the presence
of exogenously added biosurfactant. Experimentally de-
termined biological growth parameters, as well as physi-
cal parameters such as hydrocarbon droplet size, were
applied in the kinetic model. Parameter sensitivity analy-
sis was performed on the physical and biological param-
eters in the model. The parameter sensitivity analysis
indicates that for the biological system examined the rate
of hydrocarbon solubilization and micellar transport to
the cell controls the rate at which cellular uptake and
biodegradation of insoluble hydrocarbon occurs. Practi-
cal aspects relating to use of the model for support of
surfactant-based bioremediation efforts are discussed. ©
1999 John Wiley & Sons, Inc. Biotechnol Bioeng 63: 401-409,
1999.
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INTRODUCTION

Many groundwater and aquifer contamination sites are char-
acterized by the presence of multiple fluid phases. In such
sites physicochemical phenomena and interfacial processes
govern the phase partitioning of both the microorganisms
and the organic compound. Remediation of hazardous waste
sites often involves cleanup of hydrophobic organic con-
taminants (HOCs). For such compounds interfacial pro-
cesses have a significant effect on their solubility and avail-
ability for treatment. These hydrophobic chemicals may be
adsorbed, be dissolved in nonaqueous-phase liquids, or be
present in a physically inaccessible state. Thus, many com-
pounds that would normally be easily removed by tradi-
tional pump-and-treat methods or efficiently degraded by
microorganisms are not removed because they are not
readily available. The issues of contaminant solubility and
availability have profound implications for assessment of
site remediation strategies. The following areas have been
identified as particularly relevant to hazardous waste site
remediation: (1) delineation of the physicochemical mecha-
nisms that affect the availability and transfer of hydrophobic
organic compounds in heterogeneous, multimedia systems,
(2) the rates of transformation of organic compounds in
heterogeneous, multimedia systems, and (3) the limitations
on microbial degradation of hydrophobic organic com-
pounds that are sorbed to solids or that exist in organic
liquid phases.

Mechanistic models have been recently developed that
describe the influence of nonionic surfactants on the rate of
solid-phase HOC dissolution under laminar flow conditions
which may be useful in prediction of surfactant-enhanced
transport and HOC dissolution in solid/aqueous-phase en-
vironments (Grimberg et al., 1995, 1996). We have devel-
oped a mechanistic model that describes the influence of
biological surfactants on microbial biodegradation of liquid
phase insoluble hydrocarbon and subsequent dissolution of
nonaqueous-phase liquid (NAPL) HOC. The objectives of
this study were (1) to derive a mechanistic kinetic math-
ematical model which predicts the rate of biosurfactant-
mediated microbial biodegradation of insoluble hydrocar-
bon; (2) to validate the kinetic model using a biological
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experimental system consisting of biosurfactant-producindy mechanism (2) or (3) or by a combination of both. These
and nonproducing microorganisms; and (3) to perform padifferent processes may have a significant influence on deg-
rameter sensitivity analysis on the model to determine theadation rates of organic compounds present in each phase
most important physical and biological parameters in theand, hence, may be kinetically distinguishable. It has been
model and relate them to mechanistic and environmentallproposed that charged and neutral biosurfactants may be
relevant situations representing potential applications foinvolved in different cellular mechanisms of insoluble hy-
the model. drocarbon uptake (Syldatk et al., 1984). Nonionic biosur-
factants may render the charged cell surface hydrophobic,
thereby facilitating the attachment and contact-dependent
BACKGROUND passive uptake of alkanes into the cell such as in the large
droplet mechanism (Rapp et al., 1979; Ramsay et al., 1988).
Mechanisms of Microbial Uptake of The large droplet mechanism of hyd_rocarbon uptake implies
Insoluble Hydrocarbon that the observed degradation rate is dependent on the area
of the hydrocarbon-saturated surface or droplet/water inter-
Published reports support an integral role for biosurfactantgace. This area, however, is difficult to measure. lonic bio-
in mediating the uptake and oxidation of insoluble hydro-surfactants such as rhamnolipids and sophorolipids may
carbon substrates by microorganisms. Biosurfactants hayeromote alkane uptake through solubilization of hydrocar-
also been shown to enhance insoluble hydrocarbon partbon in micelles allowing for bulk phase transport of the
tioning into the bulk aqueous phase in multiphase systemmicellar hydrocarbon to the cell as described below (Fig. 1).
containing soil, organic, and aqueous phases (ThangamahRbr the mechanism involving micellar-phase transport, the
and Shreve, 1994). Several classes of biosurfactants are probserved hydrocarbon degradation rate should be a function
duced by microorganisms, usually in response to growth omf micellar-phase hydrocarbon concentration and therefore
insoluble substrates including certain hydrophobic organi@lso of biosurfactant concentration. Evidence for both of
contaminants (HOCs) such as naphthalene and phenathese mechanisms exists (Ratledge, 1988; Kappeli and
threne (Cerniglia, 1984; Monticello et al., 1985), high mo- Finnerty, 1979; Bury and Miller, 1993).
lecular weight petroleum residuals (Finnerty et al., 1985), Because of the difficulties in directly measuring interfa-
and branched and straight chain alkanes (Reddy et al., 1988ial areas and in quantifying biosurfactants/emulsifiers of
Singer and Finnerty, 1984; Vogt Singer and Finnerty,often unknown structure, many previous studies have based
1990). Microbial biosurfactants combine hydrophilic andtheir conclusions on biological models. The studies de-
lipophilic functional groups to form amphiphilic structures. scribed here utilize a biological system consisting of rham-
The lipophilic portion is usually the hydrocarbon tail of one nolipid-producingPseudomonas aeruginosdrain PG201
or more fatty acids often containing structural variationsto validate a mechanistic kinetic model describing the in-
such as cyclic structures or hydroxyl functions. The polarfluence of biosurfactant on the dissolution of nonaqueous-
portion of the biosurfactant may be a carbohydrate, amin@hase liquid (NAPL) hydrocarbon droplets into biosurfac-
acid, peptide, carboxylate, hydroxyl, phosphate group, otant micelles and the rate of biosurfactant-enhanced biodeg-
some combination of these functional groups. Most biosurfadation in well-mixed batch microbial systems (mechanism
factants are either neutral or negatively charged. In the cas®). The rhamnolipid produced by PG201 has been previ-
of rhamnolipid, sophorolipid, and trehalose esters, the pressusly characterized as possessing a critical micelle concen-
ence of biosurfactant has been shown to enhance the miration (CMC) of 18 mg/L resulting in a surface tension of
crobial degradation of hydrocarbons (Koch et al., 1991; Su32 mN/m at the CMC (Thangamani and Shreve, 1994).
zuki et al., 1969; Ito and Inoue, 1982; Breuil and Kushner,aeruginosastrain PG201 and nonproducing mutants of
1980; Goswami and Singh, 1991; Kosaric, 1993). PG201 were used to investigate the influence of cellular
Three microbial mechanisms for the transport of in-biosurfactant production as well as the influence of exog-
soluble hydrocarbon to the microbial cell have been widelyenously added biosurfactant on the microbial uptake of in-
described and are generally considered important for microsoluble hydrocarbon and the ability of the mechanistic ki-
bial growth. These include (1) transport and uptake of hy-netic model presented to predict cellular growth and HOC
drocarbon molecules dissolved in the aqueous phase, (Bjodegradation. This same cell system has been used pre-
uptake via direct cellular contact with hydrocarbon dropletsviously to demonstrate the dependence of alkane degrada-
much larger than the cell, and (3) interaction of cells withtion on rhamnolipid production (Koch et al., 1991; Ochsner,
pseudosolubilized or micellar-phase hydrocarbon. In thel993). Nonproducing mutant 65E12 &f aeruginosais
case of HOCs possessing an extremely low aqueous solunable to grow in minimal media containing hexadecane as
bility, uptake of dissolved HOC (mechanism one) is be-a carbon source in the absence of exogenously added sur-
lieved to play a minor role in cellular growth. While it is factant. Mutant PG20Xrh1R contains a Tn5 insertion
apparent that biosurfactants play an important role in thevhich abolishes rhamnolipid synthesis, resulting in slow
uptake of certain insoluble hydrocarbons, it is currently un-cell growth in the absence of exogenously added surfac-
clear whether the observed kinetics of microbial biodegratants. Both mutants are deficient in the positive regulatory
dation of insoluble hydrocarbon is governed predominantlygene contolling the activation of rhamnolipid synthesis.
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Figure 1. Schematic of surfactant-mediated microbial uptake of NAPL.

65E12 is a double mutant which is also deficient in lipo- HOC (mg/mL),C,,, is the total concentration of the organic
polysaccharide synthesis. However, growth of both mutantsonstituent (HOC) in the multiphase system (mg/mL), and
on hexadecane may be restored to varying degrees whed,, is the fractional water content. The fractional water
small amounts of purified rhamnolipids or synthetic surfac-content is given as
tants are added to the culture (Koch et al., 1991; Shreve et vV
al., 1995). 9 = H20

W VHzO + Vorg’ (2)

Kinetic Modeling of NAPL Phase Reduction whereV,, ¢ is the volume of water in the system avg, is
the volume of HOC phase in the system.
The following mechanistic mathematical model was devel- The change in concentration of solubilized HOC in the

oped to describe the rate of NAPL source reduction in aquesystem is dependent on the rate at which the gangliar HOC
ous/organic systems due to biosurfactant-mediated micrqs sojubilized and degraded by the biomass in the system.

bial uptake of HOC. This model may also be applied t0The change in concentration of the solubilized HOC with

the subsurface saturated zone. The model predicts microbial
degradation of HOC, biosurfactant production, and micro- dCaq__ ks [ B ] _[ kiCaq ]X 3
bial growth for biosurfactant producing microorganisms dt 0,[Ksg+B Cagt Kyg

0,
growing on a pure HOC in an organic/agueous system ?‘\?VherekS is the specific rate of solubilization of the HOC

well as for exogenously added biosurfactant-facilitated Mi-om the NAPL phase in mg/(cfh), B is the biosurfactant

crobial uptake of HOCs. . . . .
. . : concentration (mg/mL)X is the biomass concentration (mg/
The foundation of the mathematical model is based on & . . )
L mL), Kg is the half-saturation parameter for biosurfacant
mass balance of the NAPL-phase concentration in the aque-_,”} ..~ . NS .
. - Solubilization of HOC (mg/mL)a (cm™) is the ratio of the
ous/hydrocarbon system. Differentiation of the mass bal- .
surface area of the organic-phase HOC droplet to the vol-

ance of the total NAPL-phase concentration with respect tQ .~ ¢ 1o organic-phase HOC droplet, which when ap-

time yields the change in total NAPL-phase concentrationin____. . AL
. . proximated as a spherical droplet is given by
the system with respect to time as

a = 3, 4)
dctot_ dCaq d w dCorg . . L.
gt = Ow gt T(CaqmCorgd 5 (170w =5+ (1) wherer is the radius of the average NAPL-phase ganglia in
cm, ky is the specific rate of degradation of solubilized HOC
whereC,, is the total concentration of NAPL HOCs in the from the aqueous phase iﬁlhandeg is the half-saturation
system (mg/mL)C,,is the concentration of the solubilized constant for the target HOC.

SEKELSKY AND SHREVE: NAPL PHASE REDUCTION BY PSEUDOMONAS 403



The first term in Eq. (3) represents the rate at which thefactant production by the microorganism in the system and
gangliar HOC is solubilized by the biosurfactant in the sys-the rate at which biosurfactant is removed to form micelles
tem. The rate at which the gangliar HOC is solubilized iswhich solubilize HOC. The change in free biosurfactant
dependent on the surface area to volume ratio of the garmonomer concentration in the aqueous phase with time is
gliar HOC. As the gangliar HOC droplet radius decreasesgiven by
the surface to volume ratio of the gangliar HOC increases dB] K 1 \dc
and the rate at which the gangliar HOC is solubilized in- - P - RV <_> aq @)
creases. The rate of gangliar HOC solubilization is depen- dt Oy MSR/ dt

dent on the fractional water content of the system, whichyherek, is the specific rate of production of biosurfactant
increases as degradation of the HOC from the solub|I|zeLﬂ)y the biomass (), and MSR is the molar solubilization
phase occurs. The gangliar HOC solubilization exhibitsratio, The MSR is calculated as the moles of a particular
saturable kinetics with respect to the concentration of theywdrocarbon solubilized per mole of biosurfactant present in
biosurfactant in the system. This is represented by th@oncentrations above the CMC and is a direct measure of
[B/(Kg + B)] term in Eq. (3). The fractional water content of the apility of the biosurfactant to solubilize specific hydro-
the system increases due to the degradation of hexadecaggihon species.

by the microorganisms, and subsequently, the rate of solu- The change in biomass concentration due to growth from

bilization of the gangliar HOC increases. degradation of HOCs in the system with respect to time is
The second term in Eqg. (3) represents the rate at Whic'f‘epresented by

the solubilized HOC is degraded by the microorganisms. As

the concentration of the biomass increases in the system due d_X_ [ Caq }X

to growth, the magnitude of degradation of the solubilized dr ~ Hmax Cagt Kal’

HOC increases. The degradation of solubilized HOC also

o : S S wherep, ., is the maximum growth rate (h), andK is the
exhibits nonlmear_ kinetics which is represented by g [ half—saturaaxtion parameter for biomass growth (r‘r?g /mL).
(Caq + Kag)l term in Eq. (3).

As the gangliar NAPL droplets are solubilized, the gan- These_ equat!ons were solved using S'”.‘.“SO"” a simulta-
. . . . neous differential equation solver. The ability of the model
gliar droplet radius will decrease. Inspection of Eq. (4)

shows that as the gangliar NAPL radius decreases, the sutr(2 predict HOC degradation and growth of the rhamnolipid

face area to volume ratio of the gangliar NAPL droplet producing strairP. aeruginosePG201 and the nonproduc-

. . ing mutants 65E12 and PG20tiR in the presence of
increases. The change in the NAPL surface area to volume . .
L . exogenously added biosurfactant was determined. The sen-
ratio with respect to time may be shown to be s : . S
sitivity of the model to the biological and physical input

parameters was also examined.

(8)

da_a"Vi,01dC,, .
dt~ 81 p dt’ )

EXPERIMENTAL METHODS

wherep is the density of the NAPL phase. The change in the
NAPL surface area to volume ratio with respect to time is
determined by differentiation of Eq. (4) with respect to time
and subsequent substitution of the change in gangliar NAPP. aeruginosa?G201 and two mutants derived by transpo-
radius with respect to time. The density of the NAPL phaseson mutagenesis and designakdaeruginosa65E12 and
and the volume of water in the system are constant. A®#G201::rhIRwere obtained from Jakob Reiser and Urs
degradation of the solubilized HOC takes place, the chang®chsner at the Swiss Federal Institute of Biotechnology in
in solubilized HOC with respect to time and the surface are&Zurich. Rhamnolipid was also obtained from this source.
to volume ratio of the gangliar NAPL droplet increases.Alkylbenzenesulfonate, tetrahydrofuran, amdéhexadecane
Therefore, the change in surface area to volume ratio of thevere obtained from the Sigma Chemical Company. Tetra-
gangliar NAPL droplet with respect to time increases. butylammonium dihydrogen phosphate was obtained from

Differentiation of Eq. (2) with respect to time results in an Aldrich Chemical Company. Hexane was obtained from
equation which containsdv,, /dt term. The volume of the  Fisher Scientific.
gangliar NAPL phase can be written as a function of the
surface to volume ratio of the gangliar NAPL phase and
substituted folV,,,. The change in fractional water content

Microorganisms and Chemicals

Microbiological Methods

in the system with respect to time is The media used was a slightly modified version of the 4M
medium described previously (Koch et al., 1991). JR@,
de,  1087M,o da () and KHPO, were used in the place of 0, at concen-

dt (VH20 + Vorg)Z gt dt’ trations of 4 and 5 g/L, respectively. In addition the follow-

ing nutrients differed in concentration from the original 4M
The change in the free biosurfactant concentration in thenedium. The modified 4M media used contained 2 g/L
aqueous phase with time is dependent on the rate of biosuNaNG;, 0.5 g/L NaCl, 0.5 g/L KCI, 0.025 g/L Cagl0.25
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mg/L FeSQ, 0.45 mg/L, HBO,, 0.75 mg/L ZnSQ - 7H,O, Hexadecane Analysis
and 0.75 mg/L MnSQ- H,0. In all experiments with wild
type PG201 cells, hexadecane was added to the minim?!

. ) . . C using a flame ionization detector. A Restek Rtx-1, 0.53
media at a starting concentration of approximately 0.9 mg . . :
. . ¥mm |.D. megabore column with a stationary phase thickness
mL. Glycerol stock cultures (20% v/v) were made in various

e . L . - f 3 wm was used for the hexadecane analysis. Helium was
media including minimal media containing hexadecane an§

exadecane was analyzed on a Perkin Elmer Autosystem

tored at ~20°C. Gl | stock beult sed as the carrier gas at a flow rate of 8 mL/min. The over
were store 2a h S I_é/ceroks_oc S were sulcu urz emperature program started at an initial temperature of
once every 2 months. Solid stocks In agar were also ma '25°C, held at this temperature for 0.5 min, and then pro-

Liquid culture cell concentrations were determined by plateceeded with a single temperature ramp from 125 to 167°C
counts of serially diluted samples on Petri plates containing5lt a rate of 10°C/min. The flow rates of hydrogen and air
agar and tryptone nitrate media, and these were related {qre 40 and 400 mL/min, respectively. The injector tem-
total protein using the Lowry method for protein determi- perature was held at 280°C, and the detector temperature
nation (Lowry etal., 1951). The O3, obtained was related a5 held at 290°C. The total hexadecane concentration in
to the number of cells present per milliliter of culture g5ch experimental bottle was measured by extracting the
through previous standardizations of protein content deterserum bottle contents with 20 mL of pure HPLC grade
mination per cell, using plate counts. hexane. Triplicate 1-mL samples of the hexane phase were
then analyzed on the GC to determine the average hexadec-

ane concentration. The GC precision on these samples was
Batch Kinetic Experiments 1-2%.

Batch kinetic experiments were conducted in 50-mL serum . .
bottles containing 0.9 mg/mL of hexadecane in bacterioRhamnolipid Analysis

logical media with a total liquid volume of 20 mL and The quantity of rhamnolipid produced by the wild type
containing approximately 30 mL of headspace. For eaclbG201 cultures was analyzed on a Waters LC Module-1
experiment a number of 50-mL serum bottles were set UPLC. A C-18 Novapak column was used in this study. The
identically. Each serum bottle contained exactly the samenopile phase consisted of 60% water and 40% tetrahyrofu-
amount of hexadecane, minimal media, and inoculumran containing paired ion chromatography (PIC A) reagent
which was added at the beginning of the experiment. Theetrabutylammonium dihydrogen phosphate at a concentra-
50-mL serum bottles were sealed with Teflon-coated stoption of 0.005M. The mobile phase flow rate was 1 mL/min.
pers. The pH of the media was constant throughout the\ Waters 486 UV detector was used to detect the rhamno-
experiment at approximately 6.4. Cultures were shaken dipid at a wavelength of 254 nm. An aqueous sample from
200 rpm and maintained at a temperature of 33°C. Due teach experimental bottle was centrifuged, and the superna-
the negligible solubility of hexadecane in the aqueous phastant was filtered through a 0.22m Acrodisc filter to re-

it was not possible to obtain a uniform sample from themove cell debris. A 50-pL amount of the filtered sample
two-phase system for analysis, hence, a sacrificial bottlevas then analyzed in the HPLC for rhamnolipid. HPLC was
technigue was used in all the experiments. At every samperformed prior to analysis of experimental samples with
pling time point one triplicate set of bottles was sacrificedtriplicate samples of prepared rhamnolipid samples in cul-
for analysis. The average hexadecane and biosurfactant cotwre media spanning the concentration range examined un-
centrations and the associated experimental standard devider experimental conditions; the rhamnolipid samples were
tions were calculated. In batch experiments with the biosurfiltered identically to experimental samples. Triplicate
factant producing wild type strain PG201, 2 mL of well- samples were analyzed at each concentration; physical
mixed culture was removed prior to hexane extraction andosses for the filtration step were approximately 10%, and
subjected to HPLC analysis for total rhamnolipid concen-€xperimental sample concentrations were corrected for
tration as described below. The remaining culture contentéhese losses.

were extracted into an equal volume of hexane (1:1 extrac-

tion ratio). After addition of the hexane phase the bottlesgegyLTs

were tightly sealed with Teflon-coated stoppers and alumi-
num crimp caps. They were inverted and manually shaken
for 3-5 min and then placed on a rotary shaker at 100 rp
for about 2 h. The extraction efficiency of this procedure
was determined to be 100% over the experimental concerMicrobial uptake of hexadecane was evaluated by monitor-
tration range prior to analysis of experimental samples. Thisng hexadecane disappearance in the experimental cultures.
was accomplished by extracting known quantities of hexaSince no abiotic losses of hexadecane occurred and hexa-
decane, in triplicate batch extractions, in a six-point extracdecane was the sole carbon and energy source of microbial
tion calibration procedure spanning the 0 to 0.9 mg/mLgrowth, the hexadecane disappearance rate directly reflects
hexadecane concentration range. the microbial uptake and subsequent catabolic degradation

xperimental and Kinetic Model Results for
exadecane Degradation and Microbial Growth
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of hexadecane (Koch et al, 1991). The micellar phase corficult, requiring ultrafiltration or other methods, whereas the
centration of hexadecane was determined by multiplying theacrificial bottle technique used in the experiments de-
concentration of rhamnolipid by its molar solubilization ra- scribed measures total biosurfactant in the system including
tio (MSR). The MSR of the rhamnolipid is 5.74 mg of micell-associated and free monomer. Therefore, only the
hexadecane solubilized per milligram of rhamnolipid bio- first term in Eq. (7) representing the biosurfactant produc-
tion was applied in examining the experimental data col-
Simusolve was used to examine the ability of the kineticlected (Fig. 2). The first-order rate constakg/f,,) is not
model to predict hexadecane degradation and cell growthctually constant since,, changes with time from 0.95 to
for three sets of experimental data. One data set was frorh.0, hence the calculated rate constant varies by 5% over
the PG201 biosurfactant-producing strain and two additime.
tional data sets were, respectively, from the mutant nonpro- The experiments for 65E12 and PG20111R were con-
ducing strains 65E12 and PG201::rhMhenever possible ducted in the presence of 0.1 mg/mL of exogenously added
the input parameters for the model were measured from thkeiosurfactant. Since the mutant microorganisms 65E12 and
experimental data. The measured and fitted experimentd&G201::rh1Rare unable to produce biosurfactant, the con-
kinetic parameters are summarized in Table I. The ability ofcentration of biosurfactant, in the absence of degradation,
the mathematical model to predict the experimental data tavill remain constant, hence, Eq. (7) was set equal to zero in
within one experimental standard deviation for each of thehe model and the biosurfactant concentration was held con-
stant. The results of the simulation for 65E12 (Fig. 3) indi-
For most of the PG201 batch experiments the hexadecargte a lower solubilization rate constant as well as a lower
uptake rate increased slightly over the degradation periodbserved degradation rate over time than that of PG201::rh1R
while the concentration of rhamnolipid increased roughly in(Fig. 4).
proportion to cell mass over the period. While cellular bio-

surfactant (Shreve et al., 1995).

time points was examined.

mass increases roughly with Monod type nonlinear kinetic
(Eq. (8)), it was not possible to fit the biomass data precisel

j;’arameter Sensitivity Analysis

when Eg. (8) was coupled and solved together with the otheA parameter sensitivity analysis was performed on the
five nonlinear equations within the model. It is also clearmathematical model relative to its fit to tHe aeruginosa
from the biosurfactant and biomass data (Fig. 2) that thé>G201 strain data. The ability of the model to predict bio-
total biosurfactant concentration in the system increases imass and hexadecane concentrations at the last experimen-
direct proportion to biomass. Since Eq. (7) represents #al data point taken at 46.5 h was investigated for varying
mass balance on aqueous-phase biosurfactant, the modallues of the model input parametess; Kg, Ks, Lmax Ka»

and associated kinetic parameters predict an initial increasgndK,. One kinetic parameter was varied as the remaining
in aqueous-phase monomer as biosurfactant monomer arameters were held constant at the values shown in Table
produced and then a decrease as biosurfactant monomerlisThe results of the parameter sensitivity analysis are sum-
removed from the system via micelle formation. The mea-marized in Table I. The parameter sensitivity analysis indi-
surement of aqueous-phase free monomer is somewhat diated which kinetic parameters most affected the ability of

Table I. Parameter sensitivity analysis results.
PG201
simulation Value
Parameter valueé rangé X (mg/mLy° C (mg/mL)y
Experimental Data 0.539 0.382
Model Predictions 0.749 0.377
a, (cm™) 42 (M) 25 (-40) 0.051 (-93) 0.628 (+67)
44 (+5) 1.195 (+60) 0.322 (-15)
ks (h™) 0.361 (F) 4 x 10°° (-100) 0.735 (-2) 0.381 (+1)
40 (+10,000) 0.812 (+8) 0.372 (1)
ks (mg cni? h™) 9.335 x 10°(F) 4 x 10°(-57) 0.025 (-97) 0.707 (+88)
1x 107 (+7) 1.148 (+53) 0.353 (-6)
Mmax (78 2.1208 (M) 1.0 (-53) 0.032 (-96) 0.313 (-17)
2.8 (+32) 3.404 (+354) 0.621 (+65)
kq (hr'™h 7.334 x 10% (F) 7 x 10“(-90) 0.882 (+18) 0.313 (-17)
0.07 (+850) 0.278 (-63) 0.720 (+91)
Kag (Mg/mL) 7.808 x 10° (F) 8 x 10°(-90) 0.729 (-3) 0.379 (+1)
8 x 1074 (+924) 0.741 (-1) 0.379 (+1)
Kg (mg/mL) 1.5 (M)
Kg (mg/mL) 0.0012

M, measured; F, fitted.

bPercent change from initial value indicated in parentheses.
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Figure 2. Data and kinetic model of rhamnolipid-mediated hexadecane o

degradation by. aeruginosG201. (CJ) Hexadecane concentration (mg/ Figure 4. Data and kinetic model results for 65E1Z.)( Hexadecane

mL); (O) biomass concentration (mg/mL)>§ biosurfactant concentration ~ concentration (mg/mL);@) biomass concentration (mg/mL). (Fitted with

(mg/mL). a, = 42 cmit, Kg = 0.560 mg/mL,Kg = 0.0012 mg/mLk, = 3.820 x
10°mg cn? h™, ey = 2.1224 RY, ky = 1.894 x 10°h™, andKy, =
5.294 x 10%° mg/mL.)

the model to predict hexadecane degradation and microbial
growth. Table | indicates how parameter changes affecteH d . han d in th
the ability of the model to predict the PG201 biomass con- exadecane concentration more than decreases in these pa-
. . . rameters, in which the fit is relatively unaffected.
centration (X) and hexadecane concentratiGp) (experi-
mental values at an elapsed time of 46.5 h. Parameters were
varied one at a time, generally by 1 to 2 orders of magnitudgy;scusSION
where not limited by convergence of the simultaneous so-
lution of the differential equations described. For predictingThe ability of the proposed kinetic model to fit the behavior
the biomass concentration, the model is most sensitive tof the PG201 and mutant systems described indicates that
parameter changes @af, K, imae andky and less sensitive  for thesePseudomonastrains uptake of NAPL-phase hexa-
to parameter changes kf andK,,. Examining the model's decane may be predicted using a kinetic model describing
ability to predict the hexadecane concentration, we determnicrobial uptake via micellar solubilization and subsequent
mined that the model is most sensitive to changes, ok, biodegradation. These results are consistent with previous
Mmax andky and less sensitive to changeskig andk,,  observations of the effect of rhamnolipid on hexadecane
Decreases i, andkg affect the ability of the model to fit uptake byP. aeruginosa(Koch et al., 191; Goswami and
the hexadecane concentration more than increases in theSengh, 1991). The relatively good fit of the model to the
parameters, in which the fit is relatively unaffected. In- data supports the idea that microbial uptake of hydrocarbon
creases i, andky affect the ability of the model to fit  directly through the hydrocarbon/water interface is a sec-
ondary mechanism of hydrocarbon transport for the micro-
bial system examined since this mechanism is not included
in the kinetic model presented. Perhaps over the 24 to 48 h
5 period in which most of our kinetic measurements were
taken little change in the cell’s ability to localize at hydro-
carbon interfaces occurred. Inclusion of this mechanism in
the kinetic model would not be mathematically difficult;
however, a precisely known value for the total organic/
aqueous interfacial area would be required. Alternate pro-
o3 posed and previously discussed mechanisms are also not
described by this kinetic model (Zhang and Miller, 1994,
Loss 1995).
The observed sensitivity of the model to variation of the
0 initial surface area to volume ratiaJ) of the gangliar HOC
Time (hrs) droplet may indicate that the level of agitation in the system
is important. A more agitated system will contain an in-
_ . , . creased amount of gangliar HOC droplets. Therefore, the
decane concentration (mg/mL})f biomass concentration (mg/mL). (Fit- . .
ted witha,, = 42 ™, K, = 2.243 x 104 mg/mL, K, = 0.0012 mg/mL, Surfa_ce area to volume ratio of the system _W|I_I be_ larger.
k. = 5.845 x 10°mg cn2 h™%, p... = 0.1444 h%, k, = 4.421 x 108 1he increase in gangliar surface area may aid in biosurfac-
h™, andKy, = 0.092 mg/mL). tant micelle formation, which may subsequently aid in the
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Figure 3. Data and kinetic model results for PG20htR. (OJ) Hexa-
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biological uptake of the HOC. The sensitivity analysis in- parameters will not remain constant as microbial popula-
dicates that an increased surface area to volume ratio resulisns evolve within the site (Falatko and Novak, 1992;
in a lower HOC concentration prediction at 46.5 h. Finnerty, 1992). While the model also adequately predicts
The sensitivity of the model to variation of the specific the growth and hydrocarbon biodegradation kinetics for
rate of solubilization and transport of the micellar HOC to nonproducing microorganisms in the presence of exog-
the microbial cell () may indicate thak, is the limiting rate  enously added biosurfactant, the selection of microorgan-
for biological degradation of HOC by the biosurfactant-isms capable of producing biosurfactants in situ may be
enhanced mechanism. The sensitivity analysis indicated superior to the addition of exogenous surfactant. This is
significant dependence of the model on the solubilizationbecause the solubilization and transpéyg parameter may
and transport parametek) with the model predicting a be significantly different for biosurfactant which is pro-
very rapid decrease in the HOC concentration as the specifiduced by microorganisms in the proximity of the NAPL
rate of solubilization was increased. The model parameter phase versus that for exogenously added surfactant which
is a lumped kinetic parameter that represents the surfactantust diffuse and become distributed at the aqueous/organic
solubilization of HOC and subsequent transport of micellarinterface. In additionk, may be significantly smaller in
phase HOC to the cell. Previous models and studies havhree-phase systems containing soil where the presence of
also discussed the potential for surfactant micelle formatiorthe soil phase may influence biosurfactant partitioning as
on the surface of the NAPL droplet with subsequent diffu-well as micellar diffusion to the cell.
sion of the HOC containing micelle through the hydrody- In summary, the mechanistic kinetic model presented will
namic boundary layer for being the rate-limiting process inbe useful for understanding the processes which may be rate
insoluble hydrocarbon dissolution (Grimberg et al., 1995 limiting for NAPL source reduction via surfactant solubili-
1996). Subsequent diffusion of the HOC-containing micellezation and microbial degradation. This model may be ex-
through the bulk aqueous phase and contact with the mipanded to include surfactant solubilization and HOC deg-
croorganisms are also required for HOC biodegradation. Atadation by microbial populations in organic/agueous/soil-
the cellular level the apparent degradation rate congtgnt, containing multiphase systems. This type of kinetic model
represents the rate-limiting step in the processes of hydranay be modified to fit into other existing multiphase con-
carbon uptake and biodegradation which may be directlifaminant transport models to further predict insoluble hy-
coupled depending on the cell’'s physiological state. Thedrocarbon persistence and mobility, allowing for improved
parameter sensitivity analysis performed on our modebtecision making and support of surfactant-based bioreme-
strongly indicates that the rate at which the solubilizationdiation strategies.
and micellar transport to the cell occurs may dictate the rate
at which cellular uptake and biodegradation of HOC occurs  The authors thank Urs Ocshner and Jakob Reiser for their dis-
in the experimental system under examination. cussions of the work as well as for supplying purified rhamno-
Most NAPL-contaminated field sites contain hydrocar- lipid and the microb_ial st_rains use_d in this study. Carlo Musante
bon mixtures. A model such as the one presented here may of Wayne State University and Kip Mercure of Computing and
. . . Modeling Sciences of Dow Chemical Company in Midland, MI,
be extended to describe the solubilization and biodegrada- provided assistance in solution of the nonlinear equations. This
tion of such mixtures if the relevant model input parameters  work was supported by the Environmental Protection Agency
are known. Determination of such individual parameters for ~ under research grants R820 399-01-0 and R827 132-01-0 to
each hydrocarbon species as well as the specific biosurfac- &-S-S:
tant and microbial system would be laborious. Additional
confounding factors in extending the model presented to §OTATION
multicomponent field model involving microbial consortia
would include effects such as changes in the MSR of a a surface to volume ratio of HOC gangliar-phase spherical droplet
biosurfactant for a specific HOC in the presence of addi- (em™) _ ' _
tional HOCs. The addition of various hydrocarbon species % 'd”r':)'al':tj”(::fs;‘; to volume ratio of HOC gangliar-phase spherical
to the experlment'al system may gffect the organlc_char'acter B bioSurfactant concentration (mg/mL)
of the hydrophobic core of the micelle. Also, the biological C., concentration of the solubilized HOC (mg/mL)
solubilization, HOC degradation, growth, and biosurfactant C,, total concentration of organic constituent (HOC) in the multi-
production rate constants will reflect the characteristics of phase system (mg/mL)
the mixed consortia of microorganisms present within the Cwot total concentration of NAPL HOCs in the system (mg/mL)

. L . . . kg specific rate of production of biosurfactant by the biomass)(h
S_Itef' Under such conditions the kinetic parameters and equi- Kg half-saturation parameter for biosurfactant solubilization of
librium parameters used (MSR) should be lumped param- HOC (mg/mL)
eters which are determined for the specific population of k, specific rate of degradation of solubilized HOC from the aque-
organisms and insoluble HOC mixture under examination. ous phase (f)

Previous studies suggest that physiological conditions for Kgg ~ maximum d‘egradation rate con_stant for the target HOC (mg/mL)

. . . . . Kg half-saturation parameter for biomass growth (mg/mL)
growth of bl.osurfactant-producmg mlcroorganlsms may_m' lumped parameter describing the rate of solubilization of the
fluence their structure, and hence, effectiveness in given HOC from the NAPL phase and transport of micellar phase HOC
applications as well as introduce the probability that these to the cell (mg cm? h™?)

408 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 63, NO. 4, MAY 20, 1999



MSR molar solubilization ratio (dimensionless) Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. 1951. Protein Measure-

r radius of spherical HOC gangliar-phase spherical droplet (cm) ment with the Folin Reagent. J Biol Chem 193:265-275.

t time (h) Monticello D, Bakker D, Schell M, Finnerty W. 1985. Appl. Env. Micro-
Vi,o Vvolume of water in the system (mL) biol 49:756-760.

Vorg  vOlume of the HOC phase in the system (mL) Ochsner UA. 1993. Genetics and BiochemistryRseudomonas aerugi-

X biomass concentration (mg/mL) nosaRhamnolipid Biosurfactant Synthesis. PhD Dissertation. Swiss

Federal Institute of Technology Zurich.
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